A shaken, single-use photobioreactor (SUPBr) was developed and characterised. Visualisation of fluid hydrodynamics showed in-phase and out-of-phase flow regimes. Growth kinetics of C. sorokiniana were comparable to those reported in other PBr types. Liquid fill volume and light path length had the highest impact on culture performance. The SUPBr aids rapid, early stage development of microalgae cultivation processes. . Doubling the total working volume resulted in 35-40% reduction in biomass yield while shaking frequency had little influence on culture kinetics and fatty methyl esters composition. Overall this work demonstrates the utility of the SUPBr for early stage development of algal cultivation processes.
Introduction
Single-use bioreactors (SUBs) have found increasing applications in recent years (Hillig et al., 2014; Zhang et al., 2009) . SUBs are typically made from polyethylene or polyester multi-layer films and are provided pre-sterilised by gamma irradiation (Singh, 1999) with working volumes in the range 1-2000 L (Brecht, 2009) . The original SUBs operated on a slowly rocked platform designed to induce a wave-type motion in the culture fluid promoting mixing and gas mass transfer. The main applications include early stage mammalian cell culture process development and inoculum generation (Kalmbach et al., 2011; Oncül et al., 2009) at scales up to 500 L. The most recent SUB designs resemble conventional stirred tank bioreactors and are now commonly used for therapeutic antibody and vaccine production up to 2000 L scale.
For phototropic microalgae cultivation under contained conditions, most modern photobioreactors (PBrs) are based on air-lift designs with light being supplied externally or radiated internally Ugwu et al., 2005) . In addition to the requirements for good mixing and gas mass transfer, adequate light must be supplied to enable efficient photosynthesis. Since the penetration of light into a culture fluid follows an exponential decay function it is desirable to have short light paths at constant distance from the light source. In this regard orbital shaking of a singleuse photobioreactor (SUPBr) bag could provide a number of advantages as illustrated in Fig. 1 since a shorter and more constant light path length is maintained.
This work describes the use of an orbitally shaken, single-use bag for phototrophic microalgae cultivation. In particular, the engineering characteristics of this novel SUB were addressed in order to establish how the hydrodynamic environment impacts on fluid mixing and algal growth. These studies build on a number of recent works, by ourselves and others, that have addressed fluid mixing in a range of orbitally shaken or rocked SUBs of different geometries and scales (Betts et al., 2006; Kalmbach et al., 2011; Micheletti et al., 2006; Oncül et al., 2009; Tan et al., 2011; Tissot et al., 2010) . The shaken SUPBr is considered a useful tool for early stage microalgae cultivation increasing experimental throughput and reducing operating costs by overcoming the need for bioreactor cleaning and sterilisation (Lehmann et al., 2013; Singh, 1999) . Rocked bags of the design used here are commercially available up to 500 L scale which is around the maximum scale envisaged for the SUPBr technology. Current industry practice with singleuse technology is for scale-out manufacture (i.e. use of multiple intermediate scale photobioreactors) rather than direct scale-up. This would suggest the technology described here is best suited to early stage microalgae strain evaluation or for high value product manufacture using microalgae.
Methods

Shaken single-use photobioreactor setup
The SUPBr consisted of a standard 2 L Biostat Cultibag™ (Sartorius Stedim Biotech., Göttingen, Germany), 27.5 by 55.5 cm, clamped by its ends on an orbitally shaken incubator platform (Infors HT, Basel, Switzerland). The platform was fitted with 260 warm white light emitting diodes (LEDs) immediately below the shaking platform and the bag had an illuminated surface area of 0.15 m 2 uninflated (A pbr ). The SUPBr with working volume of 0.5-1 L, was shaken with orbital diameters from 12.5 to 50 mm and at shaking frequencies from 40 to 220 rpm. The SUPBr was inflated with a constant gas flow rate of 2 mL min À1 controlled using air flow meters (Fisher Scientific, Loughborough, UK) and pressure valve regulators (Norgren, Manchester, UK). In order to enable online pH measurements during hydrodynamic experiments, a pH probe (PY-P22 Micro pH Electrode length 110 mm) was inserted in the centre port of the bag normally used for gas exchange.
Visualisation of fluid hydrodynamics
Investigation of fluid hydrodynamics in the orbitally shaken SUPBr was achieved using a DVR Fastcam (Photron, California, USA). This was mounted directly above the CultiBag™ at an inclination of 30-60°and the resolution was set at 640 Â 480 pixels for all experiments. Two halogen red lamps (National Instruments, UK) were used to provide additional light for improved brightness and clearer focus. The camera was set to capture images at 125 fps over a period of 5 min, for each of the experimental runs. The images captured were stored for analysis using ImageJ software (http://rsbweb.nih.gov/ij/). Fluid mixing was visualised by adding food dyes (2% v/v) with an approximate injection time of 3 s. Inphase and out-of-phase flow regimes (Büchs et al., 2001) were determined by quantification of the height reached by the fluid during shaking using a digital camera (Finepix, JX200, China). The maximum liquid height attained at various shaking conditions were normalised according to Eq. (1): where H o is the initial height of the fluid without shaking, and H is the maximum height gained at a given shaking frequency.
Measurement of fluid mixing time
The liquid phase mixing time was measured using a pH tracer method. Reverse osmosis water was adjusted to pH 7.0 and at the start of shaking, 0.5% v/v of 98% concentrated H 2 SO 4 (or 2 M NaOH) was added. Fluctuations in the reading of the micro pH probe (VWR International, Leicestershire, UK) inserted in the SUPBr were then monitored until a constant pH value was achieved. The total time taken to achieve a constant pH (11 or 3 ± 0.2) was then defined as the mixing time. Each experimental run was carried out in triplicate. O all dissolved in 1000 mL milliQ water. The seed culture was prepared in two stages. First a C. sorokiniana stock (maintained on Nutrient agar slant at 4°C) was used to inoculate 50 mL TBP medium using 250 mL Erlenmeyer flasks in a Kuhner incubator shaker (Kuhner AG, Switzerland) operated at 180 rpm, 32°C, and 55 lmol m À2 s À1 for 8 days. For the second stage, 10% v/v of this culture was used to inoculate a new flask following the initial conditions. This was allowed to grow for 4 days and thereafter used for the SUPBr inoculation.
Algae cultivation using the SUPBr
The 2 L SUPBr was aseptically filled with an appropriate working volume of medium and inoculated with $5% v/v inoculum. The SUPBr was used with a light intensity of 180 ± 20 lmol m À2 s
À1
and aerated using air enriched with 2% v/v CO 2 at a flow rate of 0.2 L min
. All experiments were carried out in batch mode with two replicates. Samples (4 mL) were withdrawn at 8 h intervals and stored at À20°C for analysis.
Analytical methods
Biomass quantification and growth rate calculation
The biomass concentration was determined by optical density measurement at 750 nm using a spectrophotometer (Ultrospec 1100, Amersham Biosciences, UK) and the ammonium concentration measured using a Bioprofile 400 (Nova Biomedical, Cheshire, UK). Biomass dry cell weight was determined using 15 mm diameter Whatman fibre glass filter paper (GE healthcare, UK). A calibration curve was generated and used for the conversion of the optical density readings to mass concentration. Specific growth rate (l) at exponential phase was determined according to Eq. (2) :
where, X 2 and X 1 are the dry cell weight concentration in (g L À1 ) at time t 2 and t 1 respectively.
Green pigment quantification
A known volume of sample was centrifuged at 10,000 rpm for 10 min (Haematocrit 200, Hettich Zentrifugen, Germany) and the pellet re-suspended in a solution of 90% v/v acetone (Fisher Scientific, Loughborough, UK) and dimethyl sulfoxide (Sigma, UK) in the ratio 3:2 and thereafter allowed to stand for 2 h. The sample was subsequently centrifuged under the same conditions and the OD 750nm of the supernatant measured using a 1 cm path-length quartz cuvette. Concentrations of different pigments were further calculated according to Eqs. 3-5 (Jeffrey and Humphrey, 1975; Pottier et al., 2005) :
where, V 1 is the sample volume (1 mL) and V 2 is the volume of the extraction solvent (1 mL). All samples were analysed in triplicate.
Fatty acid methyl ester analysis
Fatty acid methyl esters (FAME) were prepared by direct transmethylation of lipid extracts in dichloromethane with trimethyl sulfonium hydroxide (TMSH). The FAME were analysed using an XL capillary gas chromatography system (Perkin Elmer Inc., USA) equipped with a flame ionisation detector (FID) and an omegawax 250 capillary column (30 m 3 , 0.25 mm) (Sigma-Aldrich, UK). Nitrogen was used as carrier gas. Initial column temperature was set at 50°C (2 min), which was subsequently raised to 230°C at 4°C min À1 . The injector was kept as 250°C with an injection volume of 2 lL under split less mode. The FID temperature was set at 260°C. Individual FAMEs were identified and quantified by comparing their retention times and peak areas with against calibration curves for each FAME.
2.6.4. Calculation of photosynthetic efficiency and biomass yield on irradiance Calculation of photosynthetic efficiency (PE) was performed using Eq. (6) according to Soletto et al. (2008) 
where r G is the maximum daily biomass growth (g d
À1
) and H G = 22.9 kJ g DCW À 1 the enthalpy of dry biomass (Morita et al., 2002) . IPAR was obtained by multiplying the photosynthetic active radiation (PAR) with the illuminated surface area (m 2 ). A conversion factor of 18.78 kJ sd À1 for cool white fluorescent lamps was assumed for the LEDs used in the shaking platform (Soletto et al., 2008) . Determination of biomass yield on light energy expressed as dry weight produced per amount of quanta (photons) absorbed in the PAR range (Y x,E ) was calculated according to Janssen et al. (2003) , with the efficiency of light utilisation for photo-autotrophic growth expressed according to Eq. (7):
where, C x is the biomass density (g L À1 ), l is the specific growth rate ) and A is the light incident total surface area.
Results and discussion
Visualisation of fluid motion in the shaken SUPBr
The fluid hydrodynamics of a rectangular single-use bioreactor, mounted on an orbitally shaken platform, have not previously been investigated. Consequently, initial studies used a high speed video camera to record fluid motion following addition of a dye tracer once a pseudo steady-state flow had been established. ImageJ software was then used to process still images captured at different angles of rotation and to map-out the dispersion of the dye as illustrated in Fig. 2 . At low shaking frequencies (N < 90 rpm), the fluid was observed to move in an orbital motion synchronous with the orbital shaking of the platform (Fig. 2(A) ). The tracer dye indicated that the fluid flowed sequentially into each corner of the bag during a single orbital rotation gradually becoming more dispersed. This suggests an 'in-phase' fluid motion analogous to that seen in shaken conical flask and microwell bioreactors (Büchs et al., 2001; Micheletti et al., 2006) .
At high shaking frequencies (N P 180 rpm) the ImageJ analysis indicated a centrally localised region of turbulence ( Fig. 2(B) ). Here the coloured fluid dispersed in multiple directions simultaneously irrespective of the angle of orbital rotation until it was evenly distributed throughout the entire volume of the fluid. This is similar to the 'out-of-phase' phenomena seen in other shaken bioreactor formats. At intermediate shaking frequencies (N > 90 rpm to N < 180 rpm) there was evidence of a transitional flow regime between these two extremes (data not shown) where the fluid flowed rapidly between opposite corners of the SUPBr. During these experiments, it was noticed that the height attained by the liquid inside the SUPBr correlated with the shaking frequency and the observed fluid flow regime. This was subsequently used as a quantitative metric to explore the observed flow transitions in more detail.
Determination of in-phase and out-of-phase operating regimes
The fluid dynamics of orbitally shaken bioreactors of various geometries have previously been characterised by the movement of the fluid relative to the shaken platform. In-phase conditions generally result in short mixing times and most often represents favourable operating conditions for cell cultivation. In contrast, out-of-phase conditions are characterised by reduced specific power consumption, poor mixing and gas-liquid mass transfer (Büchs et al., 2000 (Büchs et al., , 2001 . In order to better understand these phenomena in the novel SUPBr, the maximum fluid height achieved during shaking was determined from the captured video images as shown in Fig. 3(A and B) . The earlier visual observations indicated that the height achieved was indeed a function of shaking frequency, shaking diameter and fluid fill volume.
The measured heights were normalised and plotted against shaking frequency as shown in Fig. 4(A and B) at different orbital shaking diameters. For both diameters and the different fill volumes investigated, the data suggests an almost linear increase in the dimensionless height between shaking frequencies of 40-90 rpm. Immediately after 90 rpm the height attained decreases and then attains an approximately constant level for the majority of the conditions studied. Superimposed on Fig. 4(A and B) are the boundaries for the in-phase, transitional and out-of-phase flow patterns described in Section 3.1. These clearly indicate that the range of shaking frequencies over which there is a linear increase in the normalised liquid height corresponds to the in-phase flow regime while out-of-phase conditions resulted in a generally constant liquid height. It therefore becomes interesting to study the impact of these different flow regimes on fluid mixing and algal growth.
Quantification of fluid mixing time
Rapid fluid mixing is normally a pre-requisite for effective bioreactor operation. Efficient mass and heat transfer is generally achieved in bioreactors with shorter mixing times (Micheletti et al., 2006; Tan et al., 2011) and mixing time itself has been found to be useful as a scale-up criterion in shaken bioreactor geometries (Betts et al., 2006) . Mixing times were quantified using a pH tracer method at varying shaking frequencies (40-220 rpm), fill volume fractions (V f = 0.1-0.5) and orbital shaking diameters (12.5, 25 and 50 mm) as shown in Fig. 5(A and B) .
At the lowest shaking frequencies investigated (<50 rpm) the mixing time was considerable; up to 230 s, in most cases. At shaking frequencies P50 rpm mixing was rapid and the measured mixing times were approximately constant in the range of 15-30 s for all the fill volumes investigated. Furthermore, comparisons of mixing times determined at different shaking diameters were similar with only slightly higher values being determined at the smaller shaking diameters. Probably the most interesting observation, however, was that at P50 rpm mixing times were small and independent of whether the SUPBr was shaken under in-phase or outof-phase operating conditions. Similar mixing times were predicted using a more conventional wave mixing platform for 2-20 L bags based on computational fluids dynamics simulations (Oncül et al., 2009 ). In terms of selecting operating conditions in the SUPBr for algal cultivation, operation at shaking diameters of 25 or 50 mm and at lower fill volumes, i.e. 0.25, are recommended given the rapid mixing, large gas-liquid area per unit liquid volume for gas mass transfer and the reduced light path-length for light penetration into densely growing cultures.
C. sorokiniana growth kinetics in the SUPBr
The growth kinetics of C. sorokiniana were subsequently examined over a range of SUPBr operating conditions. C. sorokiniana was chosen because of its robustness and easy handling (Liu et al., 2013) . Cultures were performed at a constant light intensity of $180 ± 20 lmoL m À2 s À1 using air enriched with 2% v/v CO 2 as carbon source which was provided via head space surface aeration. The growth medium was modified and optimised in separate small scale experiments (data not shown), by replacing the tris-acetate with 0.2 M tris-base, in order to buffer pH changes during culture between 7.04 and 5.80 (Kumar and Das, 2012) . Early stationary phase cultures were used for inoculating the shaken SUPBr (Mattos et al., 2012) and Nitrogen concentration was kept low to allow early production of lipid at the mid-exponential phase; a technique widely used to ensure high biomass yield and lipid production with a high linoleic acid concentration which is a key requirement for biodiesel production (Chader et al., 2011; Cordero et al., 2011) .
Biomass concentration profiles at different shaking frequencies showed a short lag phase during day one, followed by an exponential phase before reaching stationary phase after 3 days. The final biomass yield was 6.6 g L À1 at 180 rpm (Fig. 6(A) ). Shaking frequencies above or below this do not to have a significant influence on growth kinetics at constant light intensity and working volume. As shown in Fig. 6(B) the initial ammonium concentration (7 mM) was sufficient to support cell growth over day 1-2 and was depleted by day 2-3 after which lipid accumulation occurred. Fig. 6 (B) also shows pH was maintained constant between 7.0 and 5.8 as a consequence of reformulating the media.
Fill volume was expected to have a more significant influence on SUPBr performance due to increase in the liquid depth, i.e. increased light path length, and reduction in surface area to volume ratio at higher fill volumes. Other expected effects at increased cell density include cell shadowing that can lead to reduced cell growth rate (Cuaresma et al., 2009) . As shown in Fig. 6(C) , doubling the total liquid volume (V f increases from 0.25 to 0.5) led to a decrease in algal growth rate and yield resulting in a calculated decrease in biomass productivity of approximately 35-40%. The decreased biomass growth also coincided with a decreased rate of Nitrogen utilisation and decreased chlorophyll productivity (Fig. 6(D) ). Over all the conditions investigated, maximum chlorophyll concentration varies between 20 and 25 mg L
À1
. The percentage total lipid formation across the various shaking frequencies range between 18 and 28% (g lipid À1 g mass), comparable to results obtained by Wan et al. (2011) , where, C. sorokiniana was cultured mixotrophically with zero initial glucose concentration. Nitrogen deprivation has been reported to improve the lipid content (Hsieh and Wu, 2009 ) which was also confirmed by the result obtained in this work. The total lipids extracted from C. sorokiniana have been estimated to consist of approximately 93% of neutral lipids with the rest being polar lipids (Zheng et al., 2013) . For growth in a simulated open pond photobioreactor Bellou and Aggelis (2012) reported 7-8.3% (g lipid g mass À1 ) for C. sorokiniana sp. which was comparatively lower than the amount reported here, while the proportion of neutral lipid obtained was about 50% lower than compared to Zheng et al. (2013) .
Evaluation of different growth parameters as shown in Table 1 reveals that at constant fill volume and light intensity, no significant differences were observed in growth parameters at different shaking frequencies up to 180 rpm. This agrees with the mixing time studies discussed previously in Section 3.3. However, operation at a higher frequency of 220 rpm resulted in a slight reduction of biomass concentration and PE. Doubling the fill volume at the optimum shaking frequency (180 rpm) resulted in significant reduction in all the growth parameters assessed. These results further show how important are light path length, surface area to volume ratio and fluid hydrodynamics in SUPBr design. The biomass yield on photon absorption (Y x,E ) shows an increase with increasing shaking frequency and may be due to increased exposure of the cells to light.
Similar results were reported by Cordero et al. (2011) , using Roux flasks laterally illuminated using a mercury halide lamp at varying luminous intensity. Comparison of the specific growth rate and biomass concentration varied between 0.05-0.13 h À1 , and 6.0-9.0 g L À1 respectively. Despite slight differences in some of the operating parameters used, improved culture performance was observed in the SUPBr compared to other similar system previously reported (Chiu et al., 2008; Kumar and Das, 2012; Ugwu et al., 2005) . In addition, studies showed that cultivation of C. sorokiniana in a flat panel photobioreactor under continuous conditions gave a biomass concentration of 5.7 g L À1 at the lowest dilution rate (Cuaresma et al., 2009) . Comparing the SUPBr data with other optimised photo-bioreactors of different geometry suggests the SUPBr offers potential advantages in terms of biomass productivity, reduction in process time and reduced chances of contamination. 
Table 2
Impact of SUPBr operating conditions on fatty acid methyl ester (FAME) production by C. sorokiniana. Error represents one standard deviation about the mean (n = 3). Growth conditions as described in Fig. 6 . 
Fatty acid methyl ester composition
The lipid compositions of the algae cultured under various conditions were also determined to ensure consistency. The different FAMEs analysed were grouped based on the degree of saturation and unsaturation such as; saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and poly-unsaturated fatty acids (PUFA). For all the different culture conditions tested, palmitic acid methyl ester (PAME) was amongst the most prevalent. Approximately, 33 ± 3.6% PAME and 41.21 ± 1.3% SFA of the total identified FAME were produced as shown in Table 2 . These results are comparable with those obtained by Lu et al. (2012) and Zheng et al. (2013) which are 36.1-42.8% and 45.6% SFA respectively. Work done by Cha et al. (2011) , shows about a two fold increase in the SFA achieved under varied concentration of nitrate, with 86.3% of SFA produced at 0.18 mM nitrate concentration compared to the 7.5 mM ammonium salt employed in this study. This could be indicative of the impact of Nitrogen source and concentration on the SFA production. Nonetheless, this study shows that the total amount of SFA produced is independent of the fill volume and shaking frequencies.
Unsaturated fatty acids correspond to $60.6% of total FAME. These comprise of the mono-unsaturated fatty acids (MUFA) and PUFA with individual percentage compositions in the range of 22.5-26.7% and 30.5-38.2% respectively across all conditions. FAME with C16 and C18 chain lengths have found more direct application to the biofuel industry than others. Estimation of the total percentage of C16 and C18 carbon chain length shows 98% of total FAME with PAMEs (C16:0) and linoleic acid methyl esters (C18:2n6c) forming the major constituents for biodiesel production. From the results shown (Table 2) , the biodiesel component of the FAME increased with increasing frequency up to 180 rpm. This suggests that under more agitated conditions, higher biodiesel required components are produced. On the contrary, the effect of fill volume was insignificant on the percentage composition of the C16-C18 components. Other FAME produced of pharmaceutical importance includes capric acid, lauric acid, myristoleic acid, palmitoleic acids and stearic acid methyl esters (Prathima Devi et al., 2012) . Eicosapentaenoic acid methyl esters (EPA) were not detected at any of the tested conditions; this may be due to the absence of acetate in the medium which might be a key metabolic precursor for the production of FAME of higher carbon chain length of C20 and above.
Conclusions
This work described a novel, orbitally shaken, SUPBr suitable for early stage development of microalgal cultivation processes. In terms of the engineering environment within the SUPBr, orbital shaking provides rapid mixing and a relatively constant light intensity while the surface area to volume ratio enhances effective gas mass transfer. Various flow regimes were identified as a function of shaking frequency however the main factor influencing culture productivity was the liquid fill volume due to its influence on light path-length. Further studies should address scale translation and the ability to predict algal growth kinetics as seen in industrial scale, bag-based photobioreactors.
